Abstract The aim of this work was to study the feasibility of the denitrification process enhancement, in the Ciudad Real (Spain) WWTP, by dosing agro-food wastewaters generated nearby the city. The studied agrofood wastewaters were characterised by a high COD and low nutrients concentration. The denitrification rates with these wastewaters were lower than those obtained either with acetate or urban sewage, however the dose of agro-food wastewaters raised significantly the denitrification capacity in the WWTP because of the significant increase of easily biodegradable substrates in the wastewater. From the laboratory NUR batch test it was observed that the best agro-food wastewater to enhance the denitrification process was that coming from tomato processing, which presented an average denitrification rate of 1.9 mg NO X -N/(g VSS·h) and an average denitrification yield of 0.2 mg NO X -N/mg COD. The viability of the use of tomato processing wastewater was checked in a pilot plant optimised for urban sewage treatment with biological nutrient removal. The optimum dose, 5.9 mg COD/mg NO X -N, was applied and 99% of the nitrate was removed from the wastewater without influencing negatively either the COD or P effluent concentrations.
Introduction
The most common method of removing nitrogen contaminants from domestic wastewater is the nitrification -denitrification process (Mateju et al., 1992) . The denitrification rate and duration of the denitrification process in a WWTP is determined by the characteristics of the substrates and the stoichiometric ratio between the substrates used and the nitrate consumed. Sometimes, wastewaters do not contain enough substrates to carry out the denitrification process under the optimum conditions; in these cases it is necessary to supply an external carbon source to increase the COD/N ratio in the wastewater. This external carbon source should be selected by taking into account several characteristics, the most important being the denitrification rate, the denitrification yield, the availability and the cost.
Some of the most used substrates at laboratory scale have been acetate, methanol and ethanol, because these substrates provide high denitrification rates. However, the high costs related to their use in full-scale plants do not recommend their application. Taking into account these drawbacks, the COD sources mentioned above should be substituted by a cheaper one which yields a reasonably high denitrification rate and denitrification yield. These requirements could be achieved using agro-food by-products, since they are mainly composed of easily biodegradable COD and do not contain significant amounts of nutrients. It is also important to note that the addition of agro-food wastewaters to enhance the denitrification process in WWTPs reduce, at the same time, the amount of industrial wastewater to be treated.
Under optimum conditions more than 95% of the nitrates and nitrites present in the wastewater are converted into molecular nitrogen. However, if the conditions are not the optimum other kinds of nitrogen compounds could be produced. One of the most undesirable compounds is the N 2 O, because it is a greenhouse-effect gas. The production of N 2 O is affected by many parameters, but low COD/N ratios seems to be one of the most important reasons (Hanaki et al., 1992) . On the other hand, when the COD/N ratio is very high, a significant increase of the COD in the effluent is observed. The theoretical optimum COD/N ratio cannot be determined directly by using the stoichiometric equations, because the optimum value depends on the use of the substrates by the denitrifying biomass and on the presence of other heterotrophs which compete for the substrates, being necessary to determine it experimentally.
The general objective of this research was therefore to study the performance of the denitrification process with different agro-food wastewaters generated on the outskirts of Ciudad Real (Spain). For each kind of agro-food wastewater, several experiments were performed in order to quantify the COD fractions and the kinetic and stoichiometric parameters of the denitrification process. The agro-food substrates suitability was studied on the basis of the denitrification rate and the denitrification yield. The experimental results were used to determine the best agro-food substrate and its optimum dose to enhance the denitrification process in the WWTP. Furthermore, the selected substrate was used in a pilot scale (Rodríguez et al., 2004) to verify the effect of its occasional addition in the denitrification process.
Methods

Source of sludge for batch experiments
The activated sludge used in this work was taken from sequence batch reactors (SBRs) working with the A/O process. Three identical SBRs, with a reaction volume of 2.4 L per reactor, were used. The SBRs were operated continuously in cycles of 4 hours. Each cycle consisted of several phases: influent addition (5 min), anoxic-anaerobic reaction (75 min), aerobic reaction (135 min), waste sludge withdrawal (1 min), settling (20 min) and effluent withdrawal (5 min). The temperature and pH of each reactor were maintained constant at 20 8C and 7.3, respectively, and dissolved oxygen during aerobic stages was set to saturation. The sludge retention time was set at 8 days. Further details concerning the SBR experimental set-up can be found in previous publications (Cañizares et al., 2000) . These SBRs were initially seeded with activated sludge from a biological nutrient removal (BNR) pilot-scale plant located at the Ciudad Real WWTP and optimised for the treatment of domestic wastewater (Rodríguez et al., 2004) .
The wastewater used for the cultivation of microorganisms was pre-settled urban sewage supplemented with synthetic wastewater composed of sodium acetate and trace minerals. The composition of the synthetic wastewater and the characteristics of the resulting mixed wastewater are shown in Table 1 . In this work several agro-food wastewaters were used as external substrates; they were synthesised according to the procedure described in the literature (De Lucas et al., 2005) . These wastewaters were filtered prior to their use in order to ensure that all the substrates contained in the wastewaters were soluble. Working in this way, the adverse effects caused by the hydrolysis of particulate components, when this process became the limiting stage of the denitrification process, were avoided. The agro-food wastewaters studied in this work included wastewaters from cheese production, milk bottling, potato processing, beet sugar processing, tomato processing and winery. These wastewaters were mainly characterised by their very high COD and low nutrient (N and P) content which ranged from 0.01 to 1 £ 10 23 mg/mg COD. Because of that, nutrients were added in order to avoid nutrient limitations during the nitrate uptake rate (NUR) batch tests.
NUR experiments
Because of the alternation of anoxic, anaerobic and aerobic environments in the A/O process, the activated sludge contained PAO and GAO bacteria as previous tests showed (De Lucas et al., 2007) . Under anoxic conditions, these accumulating organisms could use intracellular stored substrates to denitrify (Zeng et al., 2003) , thus consuming nitrate but not COD from the bulk liquid. In order to avoid this situation, a pre-treatment of the activated sludge was carried out before the NUR experiments. This pre-treatment consisted of an excessive aeration stage during the last A/O cycle to exhaust all of the intracellular polymers accumulated inside the microorganisms. After this pre-treatment, the substrates absorbed in the surface of the flocks were removed by washing the activated sludge with demineralised water under aerobic conditions.
The NUR experiments were performed in closed batch reactors at a constant temperature of 20 8C. At the beginning of each experiment, the pre-treated activated sludge was distributed evenly into several batch reactors and nitrate was added. Once the endogenous denitrification process in the batch reactors was stable, a pulse of one of the external substrates was injected. During the NUR test, the bottles were sealed with rubber stoppers and the sludge was maintained in suspension by means of a magnetic stirrer. Nitrate was continuously added in the pulse mode to avoid substrate inhibition, due to very high nitrate concentrations, but ensuring the continuous presence of it (Wachtmeister et al., 1997) . In parallel, three reference tests were carried out: a maximum denitrification test carried out with acetate, a typical denitrification test carried out with urban sewage and a blank test. In the maximum denitrification test, the COD source was acetate because it offers the highest denitrification rates (Sánchez et al., 2000) . The COD and trace mineral concentration in NUR experiments were as indicated in Table 2 . Phosphate salts in the mineral medium were used as buffer. 
During the course of each NUR test, samples were taken by means of a syringe. These samples were immediately filtered and analysed. Filtrates of samples subjected to vacuum filtration by means of Millipore glass fibre filters with a pore size of 0.45 mm were defined as soluble fractions.
Analytical methods
The soluble COD fractions of the agro-food wastewaters were characterised by using an electrolytic respirometer (Bioscience BI-1000, Bethlehem, PA, USA) and the procedure described in the literature (Spanjers and Vanrolleghem, 1995) . The bottles of the electrolytic respirometer were filled with pre-treated activated sludge, nutrients and agro-food wastewater to give a biomass concentration of 1800 mg VSS/L and nutrients and COD concentrations similar to those used in the NUR test (see Table 2 ). Experiments were carried out with a food/microorganism (F/M) ratio of 0.28 mg COD/mg VSS, a value in the optimum range proposed by Spérandio and Paul (2000) .
Chemical oxygen demand (COD), biochemical oxygen demand (BOD 5 ), pH, ortho-phosphate (PO 4 -P), ammonium nitrogen (NH 4 -N), nitrate nitrogen (NO 3 -N), nitrite nitrogen (NO 2 -N), total suspended solids (TSS), volatile suspended solids (VSS) and phosphorus content in the activated sludge (X TP ) were all measured in accordance with Standard Methods (APHA et al., 1998).
Results and discussion
COD fractions of the agro-food wastewaters
The results obtained in the COD fractionation of the wastewaters are presented in Table 3 .
All the agro-food wastewaters studied presented significant percentages of soluble fermentation products, ranging from 9.5 to 26.4%. Attention must be paid to the very high percentage of fermentation products contained in the wastewaters from winery and tomato processing industries. On the other hand, the wastewaters from milk bottling and potato processing presented the lowest concentrations of fermentation products.
Maximum specific denitrification activity
In order to establish a reference to compare the results obtained in this work with those reported in the literature and to calculate the maximum nitrogen load that may be treated by the activated sludge, the maximum specific denitrification activity (SDA) was determined using acetate as the sole organic substrate (Sánchez et al., 2000) . During this test the COD, VSS, NO 3 -N and NO 2 -N profiles were measured.
During the SDA test and some of the NUR tests, NO 2 -N accumulation was noticeable. Therefore, Equation (1) proposed by Kujawa and Klapwijk (1999) was used to calculate the denitrification rates based on the assumption that neither NO nor N 2 O intermediates were accumulated.
The value of the maximum SDA was 4.3 mg NO X -N/(g VSS h).This result is within the range of the typical values, which range from 3 to 5 mg N/(g VSS h) (Naidoo et al., 1998) .
Denitrification kinetics with agro-food wastewaters
In all the experiments carried out either with agro-food or with urban sewage, two different stages were observed. The first stage corresponded to the denitrification with the fermentation products and fermentable substrates added within the substrate pulse, and with the endogenous substrates. The second stage corresponded to the denitrification with fermentable substrates and endogenous substrates.
During the length of all the experiments, the PO 4 -P and the NH 4 -N concentrations in the bulk liquid and the X TP were almost constant. These results indicated that the organic substrates were only used for nitrogen removal.
In Table 4 , the kinetic and stoichiometric parameters obtained in the NUR tests are presented. The anoxic yield was determined by using Equation (2) and the maximum specific growth rate was determined following the procedure described in the literature (Ekama et al., 1986) .
The denitrification rates obtained with the urban sewage were within the typical values obtained with urban sewages from different European WWTPs (Naidoo et al., 1998) . In comparison with the COD consumption rate and the denitrification rate obtained with urban sewage, the values obtained for the agro-food wastewaters were slightly lower. This could be explained by of the lack of acclimatisation of the sludge to these substrates. In this work the NUR experiments were carried out with non-acclimatised activated sludge to simulate the conditions in a WWTP where the denitrification process is enhanced by a pulse dose of substrate on demand. The agro-food wastewaters presenting the highest denitrification rates during the first stage (k D1 ) were the wastewaters coming from potato processing and from milk bottling industries. The denitrification rate in the second stage (k D2 ) varied from 1.1 to 2.1 (mg NO X -N/g VSS h) and arose mainly from the use of the fermentable substrates contained 
in the wastewater. Most of the denitrification rates in the second stage ranged from 1.7 to 2.1 (mg NO X -N/g VSS h) except for the milk bottling and cheese production wastewaters, which were 1.3 and 1.1 (mg NO X -N/g VSS h) respectively. These results indicated that it was not possible to increase the maximum denitrification rate by adding agro-food wastewaters. However, because of the higher concentration of fermentation products in the agro-food wastewaters, these effluents could be used to remove significant amounts of nitrate from urban sewage enhancing the denitrification process in the WWTP. The yields were calculated supposing that no substrate was stored inside the cell. The value obtained for acetate was 0.65 mg COD/mg COD, a value very similar to that referenced in the literature (Kujawa and Klapwijk, 1999) . The yields obtained with urban sewage and with agro-food substrates ranged from 0.43 to 0.62 mg COD/mg COD, the value depending upon the kind of wastewater and the COD fraction used, i.e. fermentation products or fermentable substrates. These results indicated that the yields cannot be generalised, being necessary to be determined it experimentally. Regarding the maximum growth rates, all the results obtained with the agro-food wastewaters were lower than those obtained with acetate, 0.070 L/h, except in the case of the wastewater from tomato processing wastewaters that showed a similar value, 0.088 L/h.
The applicability of the different agro-food substrates for the denitrification process were evaluated by means of the comparison of the average denitrification rate (mg NO X -N/g VSS h) and the denitrification yield expressed as mg NO X -N/mg COD (see Figure 1) . The determination of these parameters is very important since they allow the necessary dose to denitrify a defined amount of nitrate and the expected duration to carry out the denitrification process completely to be determined.
It can be noticed that the average denitrification rate obtained with each wastewater is similar to the denitrification rate of its second stage (k D2 ). This could be explained by taking into account that the fermentable substrates are the most abundant COD fraction in all the agro-food wastewaters studied. The agro-food wastewaters presenting the highest average denitrification rates were the wastewaters from tomato processing and winery industries. In relation with the denitrification yields, the obtained values ranged from 0.1 to 0.3 mg NO X -N/mg COD with a mean value of 0.2 mg NO X -N/mg COD, these being (Abufayed and Schroeder, 1986) . Only the wastewaters from the milk bottling industries presented a lower value.
Based on the denitrification rate criteria, the most adequate wastewaters to enhance the denitrification process were those from tomato processing and wine production. The higher enitrification yield of the tomato processing wastewater and its lower biomass yield enabled this carbon source to be the most useful for denitrification.
It is important to note that the use of tomato processing wastewater increases the sludge production in the WWTP by about 80 kg DS/d compared to that obtained by using methanol as the external carbon source. However, the price of the methanol, about 0.2 e/kg (Fux and Siegrist, 2004) and the price of the sludge disposal, about 150 e/T DS (Etienne et al., 2001) , made the use of tomato processing wastewater more appealing.
Optimum agro-food wastewater dosage
Once the kinetic and stoichiometric parameters of the denitrification process were determined with agro-food wastewaters, the optimum dosage of tomato processing wastewater to denitrify each mg of nitrate nitrogen from the urban sewage was calculated. The optimum dosage was 5.9 mg COD/mg NO X -N. Taking into account that about 5 mg NO X -N/L should be removed from the urban sewage by adding an external COD source (depending on the characteristics of the influent wastewater and the temperature), and that the concentration of the tomato processing wastewater is around 15,000 mg COD/L, the dose of the tomato processing wastewater was about 0.2% v/v of the influent urban sewage. This optimum dosage was applied to enhance the denitrification in the pilot plant obtaining 99% of nitrate nitrogen removal, the COD and P removal were not significantly affected.
Conclusions
From the investigation described in this paper the following conclusions were obtained: † The high COD concentration and the high biodegradability of the agro-food wastewaters make them very useful to enhance the denitrification process in the WWTP. † Based on the denitrification rate and the yields, the most adequate agro-food wastewater to enhance the denitrification process is that from tomato processing. The optimum dosage of tomato processing wastewater to remove the oxidised nitrogen contained in the domestic wastewater was 5.9 mg COD/mg NO X -N. † The optimum dosage of tomato processing wastewater to the bioreactor of a WWTP allows enhancement of the denitrification process, obtaining 99% of nitrate nitrogen removal, without affecting either COD or P removal. † The addition of the tomato processing wastewater to the urban sewage yields a lower denitrification rate and a higher excess sludge production than the typical obtained by adding acetate or methanol, but the tomato processing wastewater originated from wastes so it was economical and environmentally sound.
